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Optical preparation of H, rovibrational levels with almost complete

population transfer

Wenrui Dong,® Nandini Mukherjee,? and Richard N. Zare
Department of Chemistry, Stanford University, Stanford, California 94305-5080, USA
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Using stimulated Raman adiabatic passage (SARP), it is possible, in principle, to transfer all the
population in a rovibrational level of an isolated diatomic molecule to an excited rovibrational level.
We use an overlapping sequence of pump (532 nm) and dump (683 nm) single-mode laser pulses
of unequal fluence to prepare isolated H, molecules in a molecular beam. In a first series of exper-
iments we were able to transfer more than half the population to an excited rovibrational level [N.
Mukherjee, W. R. Dong, J. A. Harrison, and R. N. Zare, J. Chem. Phys. 138(5), 051101-1-051101-4
(2013)]. Since then, we have achieved almost complete transfer (97% =+ 7%) of population from the
H, (v = 0, J = 0) ground rovibrational level to the H, (v = 1, J = 0) excited rovibrational level.
An explanation is presented of the SARP process and how these results are obtained. © 2013 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4818526]

. INTRODUCTION

In many experiments it is desirable to prepare molecu-
lar targets in pure quantum states. Various optical preparation
schemes such as visible,' infrared,>? or Raman pumping*>
are often used to meet this goal. However, many of these
experiments are made difficult by the inability to transfer
large populations to a desirable target quantum state. One
way to overcome this problem is to transfer population be-
tween quantum states using adiabatic passage. Previously
stimulated Raman adiabatic passage (STIRAP)* and Stark-
chirped rapid adiabatic passage (SCRAP)!%!' processes were
utilized to transfer nearly the complete population between an
initial and a target quantum state. However, for the purpose
of transferring population between two rovibrational levels
within the ground electronic surface of a molecule, both these
techniques require a suitable resonant, or near resonant inter-
mediate vibronic state connecting the initial and final (target)
rovibrational levels. For H,, and many other molecules having
a wide energy band-gap between the ground and excited elec-
tronic states, STIRAP or SCRAP will require the use of vac-
uum ultraviolet (VUV) or extreme ultraviolet (XUV) pulses,
making it a complicated system to realize in practice. More-
over, in the presence of an intermediate vibronic resonance,
the short wavelength pulses with high peak powers may cause
significant ionization or dissociation of the molecule. An-
other alternative for preparing vibrationally excited molecules
is chirped adiabatic Raman passage (CARP)'®!7 which does
not require an intermediate state. However, CARP does re-
quire high-energy picosecond laser pulses with the desirable
chirping rate to fulfill the condition of adiabatic passage.
Again, this technique poses practical difficulties to realize. We
have previously proposed another alternative for achieving
complete population transfer between two rovibrational lev-
els, without requiring an intermediate vibronic resonance and
without frequency chirping.'®!° It is based on Stark-induced
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adiabatic Raman passage (SARP). SARP uses a sequence
of partially overlapping off-resonant nanosecond pump and
dump pulses of unequal intensities. The pulse with the higher
intensity (pump or dump) generates the necessary sweep of
the Raman resonance frequency by inducing second-order
(dynamic) Stark shifts of the rovibrational levels. During the
pulsed excitation the Raman transition frequency is swept
through resonance twice. The delay between the pulses is ad-
justed so that significant Raman coupling (overlap of pump
and dump pulses) can occur only at one of the crossings of
the Raman resonance. To prevent the coherent population re-
turn, the other crossing must be passed with negligible Raman
coupling. As the Raman resonance is crossed with sufficiently
strong Raman coupling, a unidirectional flow of population
from the initial to the final target state takes place during the
overlap of the pump and dump pulses. Recently, we provided
the first demonstration of SARP to pump H; in a molecular
beam, but we were only able to achieve approximately 73%
transfer.?’ This paper is an extension of this study in which we
present new experimental data showing that SARP is able to
achieve almost complete population transfer from the ground
H,(v = 0, ] = 0) to an excited rovibrational state Hy(v = 1,
J = 0), as predicted by the theory.

Il. EXPERIMENTAL METHOD

Figure 1 shows a schematic of the SARP experiment. The
second harmonic of a Nd: YAG laser (Continuum Lasers Inc.)
was separated by a beam splitter (BS1). One portion (40%)
is used as a pump pulse (single-mode 532 nm, 6 ns duration)
for the SARP process on the H, molecules. The other portion
(60%) is used to prepare the dump pulse (single-mode
683 nm, 4.6 ns duration). The latter comes from the output
of a pulsed dye amplifier (PDA), which is seeded by a cw
dye laser (Mattise DS), pumped with a cw diode-pumped
Nd:YVOq laser (Millennia). The pump laser pulse after pass-
ing through an adjustable optical delay line spatially overlaps

© 2013 AIP Publishing LLC
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FIG. 1. Schematic of the SARP experiment: M = mirror, F = lens,
BS = beam splitter, and BBO = B-barium borate crystal. A multichannel
plate ion detector is at right angles to the REMPI pulse path and is not shown.

the dump laser pulse at the dichroic beam splitter (BS2). Us-
ing a beam expander on the dump optical path, we can con-
trol the focus of the dump pulse in the excitation region as
well as compensate for chromatic aberration using a single
convex lens. With the help of a Spiricon laser beam profiler
(Ophir Optronics), the focuses of the pump and dump laser
beams were brought together within the vacuum chamber by
adjusting the distance between the concave (F3) and convex
(F4) lenses of the beam expander. The two focuses do not
necessarily coincide with the center of the molecular beam.
Using a 400 mm focal length lens (F1) in front of the vacuum
chamber (see Fig. 1), the intensity full width at half maximum
(FWHM) of the pump and dump laser beams at the focus were
measured to be 30 um x 38 um (with the major axis in the
horizontal direction) and 20 um x 20 wm, respectively.

The delay between the pump and dump pulses were cal-
ibrated using a fast photodiode (Electro-Optics Technology,
ET-2000) on a fast Tektronix (DPO4102B-L) oscilloscope.
The pump and dump laser pulses are approximately Gaussian
in shape with a duration (intensity FWHM) of 6 ns and 4.6 ns,
respectively.

For the Q(0) transition, the pump laser frequency is held
fixed at 563270.5 GHz, while the dump laser frequency is
varied near 438523.5 GHz. The dump laser frequency which
maximizes population transfer depended on the inter-pulse
delay and fluence of the pump and dump pulses. The H;
molecular beam generated from a Series 99 General Valve
is skimmed twice before intersecting at right angles to the
collinear pump and dump laser pulses. The pulsed valve is
mounted on a translation stage which could be adjusted to po-
sition the H, molecular beam relative to the focus of the pump
and dump laser beams. The diameter of the molecular beam
in the excitation zone has an intensity FWHM of 1 mm. The
energies of the single-mode pump and dump laser pulses were
measured 200 mJ and 20 mJ outside the vacuum chamber be-
fore the focusing lens. The ground and excited H, molecules
are state-specifically detected by means of a 2 + 1 res-
onance enhanced multiphoton ionization (REMPI) scheme,
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using the b E, F'Sf (v =0,/ =J) - X'Ef(v=0,1,J)
transition.?’>> The REMPI UV laser beam counterpropagates
along the pump and dump laser beams and is focused on
the molecular beam using a ~20 cm focal length lens (F2).
The resulting H, T molecules are extracted and accelerated to
the multichannel plate (MCP) detector by a dual-stage Wiley-
McLaren linear time-of-flight mass spectrometer.

lll. RESULTS AND DISCUSSION

Figure 2 shows the Hy (v=0,J =0)and the H, (v=1,
J =0) REMPI signal intensities as a function of detuning. The
field-free resonance (i.e., in the absence of the laser pulses)
is defined by w19 = wp — wp, where wy is the frequency
difference between the H, (v =0, J = 0) and H, (v = 1,
J =0) energy levels of the ground electronic state, and wp and
wp are the angular frequencies of the pump and dump laser
pulses. The frequency of the UV laser beam is adjusted to
maximize the two-photon REMPI transition for each level
(v=0,J=0and v=1,J =0). The frequency of the dump
laser ', is scanned at a rate of 12.5 MHz/step by controlling
the voltage applied to the scan piezo of the Mattise dye laser.
The detuning 8 is defined as § = o, — wp. To avoid the AC
Stark shift of the 2 + 1 REMPI signal, the REMPI UV pulse
is delayed by 20 ns relative to the dump laser pulse. 2 + 1
REMPI signals from the excited H, (v = 1,J = 0) and ground
H; (v=0,J =0) are recorded as a function of §. At each step
of the frequency scan, REMPI signals from 20 laser pulses
were averaged to acquire one data point.

An unambiguous measure of population transfer relies on
detecting the depletion of the H, (v =0, J = 0) REMPI signal
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FIG. 2. The (2 + 1) REMPI signal intensities (arbitrary units) of the
H,E, F! i =0, =J)— X! £Ff(=0,1,J) transitions versus the
dump laser frequency detuning at a delay of 5.5 ns between the pump and
dump laser pulses: (a) The (2 + 1) REMPI signal from H, (v =1,J = 0);
(b) from Hj (v = 0, J = 0) with both background and molecular beam (black
dots) and only the background (red dots); and (c) from H, (v = 0, J = 0)
molecular beam with the background removed by subtraction.
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caused by SARP population transfer to the H, (v = 1,
J = 0) excited state. Because the H, molecules in the molec-
ular beam have the speed ~2500 m/s, during the 20 ns de-
lay between pumping and probing, the excited H, molecules
move an average distance of ~50 um along the beam. In or-
der to make sure molecules in the probe region are all from the
excitation region, the REMPI laser pulse is focused slightly
downstream of the molecular beam relative to the SARP ex-
citation region. The optimum position of the REMPI beam
is adjusted by maximizing the REMPI depletion signal from
H, (v=0,J=0).

Figure 2(a) shows the H, (v = 1, J = 0) REMPI signals
versus the detuning § of the dump laser. When the detuning
is large, no H,™ is detected. This clearly shows that there is
no off-resonant pumping of H, (v = 1, J = 0) and there is
no off-resonant multiphoton ionization of H, (v =0, J = 0)
molecules. The actual position of the peak is determined by
the SARP dynamics as explained later.

Because of the poor pumping of H, molecules in our vac-
uum chamber, there is a constant H, (v = 0, J] = 0) back-
ground in the excitation region. The background H, (v = 0,
J = 0) molecules move in random directions with a
Boltzmann velocity distribution. Although SARP is able to
uniformly pump the background H;, (v = 0, J = 0) in the ex-
citation region, our detection process, which relies on detect-
ing molecules downstream, will have a contribution from the
H, (v =0, J = 0) background. To correctly determine the pop-
ulation transfer we must eliminate the isotropic background
and extract the contribution from the molecular beam. This
is accomplished in the following way. We first obtain one set
of data that have the depletion from both the molecular beam
and the background (Fig. 2(b), black dots), and then we phys-
ically move the molecular beam ~1 cm away from the laser
excitation region by using the translation stage attached to the
pulsed valve holder and collect the depletion from the back-
ground (Fig. 2(b), red dots). After subtracting the second set
of data from the first, we obtain the depletion of H, (v = 0,
J = 0) molecules in the molecular beam (Fig. 2(c)) caused
by SARP. Following the background subtraction, we find that
97% =+ 7% of Hy (v = 0, ] = 0) molecules in the molecu-
lar beam have been transferred to the H, (v = 1, J = 0) level
by the SARP process, that is, we are able to achieve nearly
complete population transfer from the (v = 0, J] = 0) to
(v =1,J = 0) level. The 7% uncertainty estimate is based
on the propagation of errors arising from fluctuations in the
two REMPI signals shown in Fig. 2(b). The relatively large
error bars in the fractional population transferred is caused by
H; background in the vacuum chamber, which has not been
pumped away between molecular beam pulses. Clearly, a vac-
uum chamber with differential pumping would significantly
reduce this background. Note that the FWHM and the peak
positions of Figs. 2(a)-2(c) match each other, as expected.

Figure 3 shows the depletion of H, (v =0, J = 0) REMPI
signal as a function of the dump detuning for different time
delays, O ns, 3 ns, 5.5 ns, and 9 ns, between the pump and
dump laser pulses. In this experiment, the pump laser pulse
is followed by a relatively weaker (nine times less fluence)
dump laser pulse. Although the exact fluences used to opti-
mize population transfer cannot be directly measured, an es-
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FIG. 3. 2 + 1 REMPI signal for the Hy HyE, F! E;(v/ =0,J' =)
—x! Z;r(v = 0, J) transition versus the dump laser frequency detuning after
the background subtraction for different time delays between the pump and
the dump laser pulses: (a) O ns; (b) 3 ns; (c) 5.5 ns; and (d) 9 ns.

timate can be obtained from theoretical simulations, shown
in Fig. 4. Analysis suggests pump fluences in the range of
60-90 J/cm? for the delays of 0, 3, and 5.5 ns and a pump to
dump fluence ratio of 9. For the 9 ns delay, the simulation
suggests that the pump fluence is nearly doubled.

From Fig. 3, we obtain four important pieces of informa-
tion. First, the extent of H, (v = 0, J = 0) depletion is not the
same for the four different time delays; the depletion maxi-
mizes for a delay of 5.5 ns. Second, the peak widths are differ-
ent for the four delays. The FWHM of the peak first increases
with increasing delay, maximizes at 5.5 ns, and then narrows
as the delay increases further. Third, the location of peak fre-
quency shifts with the delays. Finally, for all four different
time delays we achieved more than 70% population transfer,
which indicates that SARP is a robust technique.

Figure 4 shows a theoretical simulation of the H, (v =0,
J = 0) fractional population as a function of the dump laser
frequency for the four delays of O ns, 3 ns, 5.5 ns, and
9ns. Although the peak widths are closely matched to the
experimental results shown in Fig. 3, the calculated depletion

1.0
0.8+
0.6

0.4

0) Fractional Population

0.2

0,J

0.0+

(v=

T T

-0.4 0.0 04 0.8
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FIG. 4. Theoretical calculation of the Hy (v = 0, J] = 0) fractional popu-

lation versus the dump laser frequency detuning, for the same experimental
conditions as presented in Fig. 3.
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at the same delay is somewhat larger, especially for the Ons,
3 ns, and 9 ns delays for which the peak widths are relatively
narrow. In agreement with the experimental data shown in
Fig. 3, the theoretical plots in Fig. 4 show the same trend that
the FWHM of the depletion peak first increases with delay,
maximizes at 5.5 ns, and then decreases at longer time delays.
The small relative shifts of the peak positions found in the
theoretical calculation cannot be matched with the experimen-
tal observation, because the finite accuracy of our wavemeter
does not allow us to locate the absolute peak position of the
depletion.

In what follows we explain the dynamics of SARP pro-
cess for different time delays between the pump and dump
laser pulses. Figure 5 shows a theoretical simulation of the
temporal dynamics of SARP for a given dump laser frequency
and pump to dump delay of 5.5 ns. Figure 5(a) presents the
intensity profiles of the pump and dump laser pulses and
Fig. 5(b) presents the time evolution of the Rabi frequency
r, which is proportional to the product of the electrical fields
of the pump and the dump laser pulses, r o« Ep E7};. The time
zero corresponds to peak intensity of the pump laser pulse.
Figure 5(c) shows the Stark shifted H, (v =0, J = 0) and the
H; (v = 1,J = 0) energy levels. Based on the data provided
in Ref. 23, the magnitudes of the Stark shifts for these two
levels are calculated. In the left side of Fig. 5(c), w is the
field-free Raman transition frequency between the unshifted

1 Nv=1
J E Fractional
: : 0

Population

-10 0 10
Time (ns)

FIG. 5. Calculated SARP pumping process as a function of time for the
dump laser pulse delayed by 5.5 ns relative to the pump laser pulse: (a) the
evolution of the pump and dump laser pulses with electric fields Ep and Ep;
(b) the Rabi frequency r, (c) the Stark-shifted energy levels Ey and E; for the
H, (v=0,J = 0) and the Hy (v =1, J = 0) levels, and (d) the fractional
population transferred from the Hy (v =0,J =0) to Hy (v =1,J = 0). The
two dotted vertical lines indicate the positions of the first and second dynamic
resonance conditions, and the two dashed lines indicate the positions where
the Rabi frequency r reaches a threshold value.

J. Chem. Phys. 139, 074204 (2013)

energy levels E| and Ey. Here wp and wp are the angular fre-
quencies of the pump and dump laser pulses, respectively. We
define Aw = wp — wp and §o = Aw — wyp. The dynamic Ra-
man resonance condition is satisfied whenever the detuning is
compensated by the laser-induced Stark shifts of the energy
levels E; and Ey. Figure 5(d) shows the fractional population
of H (v=10,J=0).

At some time during the rise of the pump pulse in-
tensity, the dynamic Raman resonance condition (Aw = E;
— Ey/h) is satisfied. This is the first crossing of the resonance
during which the Rabi frequency r is too weak to transfer any
population to the excited state, which is shown by the left
most dotted vertical line in Fig. 5(c). As the Rabi frequency
r increases with time, population begins to be transferred to
the excited state. However, to transfer population to the ex-
cited state at the end of the pulsed excitation, the Raman reso-
nance must be crossed in the presence of a sufficiently strong
Rabi frequency r. This condition of adiabatic passage is sat-
isfied at the second resonance crossing, indicated by the right
most dotted vertical line in Fig. 5(c). The complete population
transfer takes place at the end of the laser pulses, as shown in
Fig. 5(d).

Using Fig. 5 we can also explain the origin of the spectral
width. As we vary the dump laser frequency wp for given flu-
ences of the pump and dump laser pulses, the crossing time of
the dynamic resonance shifts. For example, with an increasing
value of the initial detuning 8y, we require a larger Stark shift
brought about by higher pump intensity. This condition moves
the resonance crossing closer to the peak of the pump laser
pulse and away from the time at which the Rabi frequency r
reaches its peak as seen in Fig. 5(c). The adiabatic passage
of population, however, requires that the Rabi frequency r be
above a threshold, which in this case is ~0.044 GHz, during
the crossing of the second resonance in Fig. 5. At the two
limits where Aw becomes equal to @’ or @”, indicated by the
two dashed lines in Fig. 5(c), the Rabi-frequency satisfies the
threshold condition for adiabatic passage. The spread between
o' and " determines the FWHM of the depletion peak.

For given values of the fluences and delay, the peak po-
sition of SARP spectrum is also determined by the condition
of adiabatic passage, namely, the Rabi frequency must satisfy
the threshold condition. If the resonance is crossed near the
peak value of r for a given value of Aw, then maximum pop-
ulation transfer occurs.

Figure 6 shows the SARP temporal dynamics for a delay
of 9 ns between the pump and dump laser pulses. For large de-
lay, the peak of the Rabi frequency r appears near the tail of
the pump pulse where the intensity has fallen (Figs. 6(a) and
6(b)). In order to cross the resonance adiabatically with suf-
ficiently strong Rabi frequency r, we therefore need a small
initial detuning (approximately —0.1 GHz). For a larger de-
tuning, the resonance crossing will shift closer to the peak of
the pump laser pulse and far away from the peak of the Rabi
frequency r, causing the condition for adiabatic passage not to
be satisfied. In Fig. 6(c), the frequency difference of 0’ — &’
gives the spectral width of the depletion peak, which is much
narrower than the 5.5 ns condition shown in Fig. 5

Figure 7 shows the pumping process when the pump and
dump laser arrives simultaneously in the excitation region.
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FIG. 6. Calculated SARP pumping process as a function of time for the
dump laser pulse delayed by 9 ns relative to the pump laser pulse. All symbols
are the same as defined in the caption to Fig. 5.
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FIG. 7. Calculated SARP pumping process as a function of time for the
pump and dump laser pulses arriving simultaneously. All symbols are the
same as defined in the caption to Fig. 5.

J. Chem. Phys. 139, 074204 (2013)

For this case, the Rabi frequency is equally strong at both
crossings. If the adiabatic passage condition is obeyed, we
obtain complete population return at the end of pulsed ex-
citation. Consequently, the only way to avoid the adiabatic
passage and to transfer population is by using a sufficiently
small Rabi frequency r at both crossings (as indicted by the
dashed-dotted lines in Fig. 7). This condition is met using a
very small zero-field detuning approximately —0.1 GHz. The
limited range of the zero-field detuning required to avoid co-
herent population return causes the spectral width to be nar-
row. With the small zero-field detuning, population oscilla-
tions, commonly known as the Rabi oscillations, will occur,
and population transfer will be extremely sensitive to the flu-
ences and frequencies of the pump and dump laser pulses. It
is relatively more difficult to control these laser parameters in
practice, although we did achieve approximately 87% £ 7%
population transfer (see Fig. 3) by careful tuning of the dump
laser frequency.

IV. SUMMARY

Using the Q(0) line of a Raman transition we have
demonstrated that SARP can achieve nearly complete pop-
ulation transfer (97% =+ 7%) from Hy(v = 0, J = 0) to
Hy(v = 1, J = 0) state in a beam of H, molecules. Of
course, under our expansion conditions, the beam contains
H, molecules in the rotational levels J = 1 and J = 2 that
are not pumped. The maximum population transfer and the
largest spectral width are observed for an inter-pulse delay of
5.5 ns which is comparable to the temporal width of the pump
laser pulse. A pump laser pulse fluence of ~60-90 J/cm? and
dump laser pulse fluence of ~7-10 J/cm? is estimated by
using a theoretical simulation that closely matches with the
experimental results. We explored several different SARP
conditions and found that in each case we could achieve sig-
nificant population transfer. We conclude that SARP is a ro-
bust and versatile method for preparing quantum states of po-
lar as well as nonpolar isolated molecules which are Raman
active. The ability to transfer a large fraction of population
to an excited rovibrational level opens new possibilities for
studying gas-phase and the gas-surface reactions.
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